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Narcissus mosaic virus is a Potexvirus, a member of the Flexiviridae family of filamentous plant viruses. Fiber diffraction patterns from
oriented sols of narcissus mosaic virus have been used to determine the symmetry and structural parameters of the viral helix. The virions have a
radius of 55±5 Å. The viral helix has a pitch of 34.45±0.5 Å, with 7.8 subunits per turn of the helix. We conclude that all members of the
Potexvirus genus have close to 8 subunits per helical turn.
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The Potexviruses constitute one of the largest genera in the
Flexiviridae family of filamentous, single-stranded RNA plant
viruses (Adams et al., 2004). The potexviruses are of consider-
able significance to agriculture (AbouHaidar and Gellatly, 1999)
and biotechnology. Potexviruses have been used as vectors to
stimulate coat protein mediated cross protection against other
viruses in tobacco (Culver, 1996), and in the development of
micro-array techniques for the diagnosis of plant viral diseases
(Boonham et al., 2003). They have also been used in the
production of recombinant proteins and vaccines (Pogue et al.,
2002; Cañizares et al., 2005). RNA silencing pathways in the
Potexviruses have been investigated as models for the gene
silencing mechanisms shared by both plants and animals
(Baulcombe, 2004, 2005).
Potexvirus virions are flexous rods, 470–580 nm long and
estimated to be about 13 nm in diameter (Tollin and Wilson,
1988). Each virion is composed of a single strand of RNA
surrounded by multiple copies of a helically repeating coat
protein. Bernal and Fankuchen (1941) used fiber diffraction
methods to determine that the helical pitch of the potato virus X⁎ Corresponding author. Fax: +1 615 343 6707.
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doi:10.1016/j.virol.2006.07.051(PVX) virion was approximately 33 Å. Tollin et al. (1967)
studied narcissus mosaic virus (NMV) by X-ray diffraction and
electron microscopy, and found a pitch between 33 and 36 Å and
a diameter of about 130 Å. Later studies found the pitch to be
34 Å for PVX (Varma et al., 1968), 32.5 Å for white clover
mosaic virus (Wilson et al., 1978), and 34 Å for clover yellow
mosaic virus (Tollin et al., 1981). The number of protein
subunits per turn of the viral helix was determined by fiber
diffraction and electron microscopy to be between 6 and 10.4
(Tollin et al., 1968, 1979, 1980, 1981; Varma et al., 1968;Wilson
et al., 1973, 1978). Richardson et al. (1981) suggested that all of
the potexviruses shared a common architecture, with slightly
less than 9 protein subunits per helical turn.
More recent fiber diffraction studies of PVX (Parker et al.,
2002) have shown that the PVX virion contains ui +0.9 protein
subunits per turn, with ui an integer, assumed from the work of
Richardson et al. (1981) to be 8. The virion was shown to have a
deeply grooved surface. Fourier transform infrared spectroscopy
studies of PVX suggested that the virion surface is highly
hydrated and that the boundwater molecules help tomaintain the
surface structure of the virion (Baratova et al., 2004). Spectro-
scopic studies by Raman optical activity (Blanch et al., 2002)
and vibrational circular dichroism (Shanmugam et al., 2005)
have shown that the structure of NMV is very similar to that of
PVX, with a high α-helical content.
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fraction, and analyze the results to determine the symmetry and
structural parameters of the viral helix.
Results
Fig. 1a is an X-ray fiber diffraction pattern from an oriented
sol of NMV. The disorientation in the sol, as defined by
Makowski (1978), is about 4.2°. This is significantly greater
than the disorientation of about 1° seen in the best diffraction
patterns from tobacco mosaic virus (TMV; Namba et al., 1989),
but it is small enough to allow a clear separation of layer lines, at
least at low resolution. Fig. 1b is the diffraction pattern after
correction for experimental effects and transformation from
detector to reciprocal space (Fraser et al., 1976; Namba and
Stubbs, 1985; Bian et al., in press). Fig. 1c is a detail from the
low-resolution part of the equator in Fig. 1a, using a color table
(Bian et al., in press) that makes the equatorial intensity maxima
clearly visible.Fig. 1. (a) X-ray fiber diffraction pattern from an oriented sol of NMV. (b) Diffraction p
reciprocal space. Since transformation includes averaging of the four quadrants, parts
The directions of reciprocal space coordinate axes R (distance from the meridian, or Z
passing through the origin is called the equator. Layer lines are numbered from the
(indicated by the full horizontal lines) or off-meridional (partial horizontal lines), altho
the higher-numbered layer lines. The first maxima on the 5q−1 (q an integer) layer l
higher-numbered layer lines closer to the meridian. For further discussion of fiber diff
the low-resolution part of the equator in panel a, showing the intensity maxima moreThe helical pitch was determined to be 34.45±0.5 Å by
fitting the near-meridional layer lines (full lines in Fig. 1b) to
the observed intensities. This pitch is very close to the 34.5 Å
found for PVX (Parker et al., 2002). Although the difference
is much smaller than the experimental error, most of the
errors are common to the two determinations, since the
diffraction patterns were recorded using the same procedures
and the same instruments. We therefore conclude that the
pitches of NMV and PVX are virtually identical, probably
within 0.1 Å. The helical pitch is within the range of 33 to
36 Å found from diffraction studies of dried fibers of NMV
(Tollin et al., 1967).
The spacing of the off-meridional layer lines is very close to
one fifth of the spacing of the near-meridional layer lines, as
originally observed by Tollin et al. (1968). In the pattern shown
in Fig. 1, layer line 1 is particularly distinct, as are the layer lines
numbered 5q−1 (q a positive integer) at least to layer line 34.
The layer line spacing implies that there are ui +0.2 or ui +0.8
subunits per turn of the viral helix.attern after correction for experimental effects and transformation from detector to
of the lower quadrants are omitted. The diffraction takes the form of layer lines.
axis) and Z are indicated; the origin is at the center of the pattern. The layer line
equator, with the equator as 0. Layer lines are said to be either near-meridional
ugh in the case of NMV, these technical terms are not necessarily descriptive for
ines lie on a straight line (the oblique line in the figure), with the maxima on the
raction patterns from filamentous viruses, see Parker et al. (2005). (c) Detail from
clearly.
Fig. 2. (a) Diffracted equatorial amplitudes (F) plotted against reciprocal space
radius (R). Intensity maxima are numbered sequentially from the origin. (b) Data
from (a) weighted by R. (c) Data from (a) with signs assigned by the minimum
wavelength principle.
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ciprocal space radius (R) on the equator, to a resolution of
20 Å. The data for this plot were obtained from the corrected
diffraction pattern in Fig. 1b by angular deconvolution, as
described under Materials and methods. Five peaks are seen,
numbered sequentially from the origin in Fig. 2a. The first is
the origin peak, not seen in Fig. 1 (see Materials and me-
thods), while the second peak is partially visible in Fig. 1.
The third and fourth peaks are difficult to see in the
diffraction pattern because of the strong adjacent intensity
on the first layer line. Nevertheless, angular deconvolution
clearly indicates their presence, and careful examination of the
diffraction pattern (Fig. 1c) reveals a real, albeit weak peak at
position 3, and a bridge at position 4 between the strong first
layer line peaks that cannot be accounted for in terms of the
first layer line peaks alone. Fig. 2b displays the data in Fig. 2a
weighted by R; this weighting makes the peaks easier to
identify, and is appropriate, since the amplitudes are weighted
in this way in the Fourier–Bessel transformation used to
calculate the radial density distribution. In Fig. 2c, signs have
been assigned to the amplitudes by the minimum wavelength
principle (Bragg and Perutz, 1952; see Materials and
methods). The data in Fig. 2c were used to determine the
radial density distribution.
A radial density distribution for NMV is shown in Fig. 3a.
This distribution was obtained by assigning alternating positive
and negative signs to the first five equatorial peaks of the
diffraction pattern (Fig. 2c), and calculating a Fourier–Bessel
transform (Chandrasekaran and Stubbs, 2001) of the signed
equator. Applying an artificial temperature factor (Franklin,
1956), even as high as 1000, did not significantly affect this
distribution.
The distribution was significantly altered by assigning a
negative sign to peak #5. By the minimumwavelength principle,
such an assignment is only possible if one of peaks 4 or 5 is not
present, so each of these peaks was omitted in separate
calculations. In these calculations, the origin peak was taken to
be positive and the second peak negative as before; the fifth peak
was assigned a negative sign, and the remaining peak (3 or 4)
was positive. The resulting distributions (discussed below) were
similar to each other, but were completely dominated by a peak
at 40 Å radius. Again, an artificial temperature factor had little
effect.
Discussion
NMV in structural studies
NMV is particularly useful in structural studies of potex-
viruses because of its symmetry and consequent layer line
spacing. In our experience and in published reports, NMV and
PVX provide better ordered diffraction patterns than other
potexviruses, but the layer lines in PVX are very close together,
at one tenth rather than one fifth of the near-meridional layer line
spacing (Parker et al., 2002). In the NMV pattern, the equator is
separated from the first layer line, so that equatorial intensities
that are not clearly identifiable in PVX can be seen (in particular,
Fig. 3. Radial density distribution for NMV, calculated by a Fourier–Bessel
transform of the signed equatorial data shown in Fig. 2c. Units of electron density
(ρ) are arbitrary.
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by angular deconvolution (Makowski, 1978).
Radial density distribution
The distribution in Fig. 3 was obtained by direct application
of the minimum wavelength principle to the data as measured
from Fig. 2b.
The rather different distribution obtained by assigning a
negative sign to peak #5 should be briefly considered. There
are, however, compelling reasons to accept Fig. 3 as the better
approximation to the radial density distribution. Most impor-
tantly, all five peaks included in the calculation are clearly
present in the diffraction pattern, both to visual inspection (Fig.
1c) and from the angular deconvolution results (Fig. 2). The
minimum wavelength principle would require that for the fifth
peak to have a negative sign, at least one of the other peaks (that
is, peak 3 or 4) would have to be an artifact. In addition, as is
illustrated by studies of TMV (Franklin and Holmes, 1958;
Namba et al., 1989), at this low resolution the structure factor
(signed amplitude) of a simple filamentous structure such as
TMV or NMV will oscillate with the characteristic frequency
seen in Fig. 2c. So whether or not peaks 3 and 4 are real, peak 5
should have a positive sign. Finally, a negative sign for the fifth
peak (regardless of the presence or absence of peaks 3 and 4)
gives a physically unlikely radial density distribution, with
almost all the density at radius 40 Å. This density cannot be
explained by RNA alone, which makes up only 6% of the virion
structure.
The radial density distribution in Fig. 3a confirms the viral
outer radius of about 55 Å, with an uncertainty of no more than
5 Å, and suggests the presence of a hole of about 20 Å radius
running through the middle of the virion. By analogy with TMV
(Caspar, 1956; Franklin, 1956) one might suggest that the RNA
is at the radius of the highest peak, a little less than 30 Å. Such a
speculation would, however, probably be over-interpretation of
the data, although it would be consistent with the observations ofWilson et al. (1973), who suggested the presence of a marked
feature, possibly the RNA, at a radius of 33 Å in NMV.
Potexvirus symmetry
Potexviruses have a non-integral number of subunits per turn
of the viral helix. This number may be represented as u=ui +Δu,
where ui is an integer and Δu is between 0 and 1; estimates of u
have varied widely (see Introduction). There is considerably
more variation in Δu among the potexviruses than there is
among, for example, the tobamoviruses; whereas for the
tobamoviruses Δu is always 0.34±0.01, in the potexviruses
Δu varies by at least 0.2 (Richardson et al., 1981).
Δu can be determined directly from the spacing of the layer
lines in the diffraction pattern. If Z1 is the distance of the first off-
meridional layer line from the equator and ZM is the distance of
the first near-meridional line from the equator (Fig. 1b), then
Δu=Z1/ZM. There is an ambiguity in this derivation of Δu; the
value of Z1/ZM does not allow us to distinguish betweenΔu and
1−Δu. It is clear from the data in Fig. 1 thatΔu=0.2 or 0.8 (see
Results), but further observations are required to distinguish
between these two possibilities.
In favorable cases, u may be determined and the ambiguity
in Δu may be resolved by considering the positions of the
first maxima on the various layer lines in the diffraction
pattern (Fig. 1b). The amplitude of the diffraction on layer
line l at a distance R from the meridian arising from a feature
at radius r in the virus is proportional to Jn(2πRr), where Jn
is the Bessel function of order n (Klug et al., 1958;
Chandrasekaran and Stubbs, 2001). If the viral helix contains
u subunits in t turns of the helix, only Bessel functions whose
order n obeys the selection rule l= tn+um (m is any integer)
will be represented on layer line l. For the purposes of this
analysis, we need consider only the lowest order n on each
layer line; at low values of R, higher orders will not
contribute to the diffracted intensity. The first maximum in Jn
(x) is at approximately x=n+2; precise values may be obtained
from tables of Bessel functions. Thus, if we can estimate the
value of r and measure the position Robs of the first diffraction
maximum, we can determine the value of n that best predicts
Robs. From the values of n for several layer lines, we can use the
selection rule to determine the viral symmetry.
The principal difficulty in using this approach to determine
potexvirus symmetry is that features giving rise to the first
maxima on different layer lineswill not necessarily be at the same
radii. The NMV structure, however, appears to be unusually
regular; it can be seen in Fig. 1b, for example, that the first
maxima on all the 5q−1 layer lines lie on a straight line, as would
be predicted if the maxima all arose by diffraction from the same
radius r. Furthermore, intensity can be measured from at least 16
separate layer lines, far more than in any previous study.
At low resolution, diffraction arises primarily from the high
contrast between the electron densities of protein and water, so r
is close to the outer radius of the virus. Examination of TMVdata
(Namba et al., 1989) shows that the positions of the lowest
resolution off-meridional maxima in the TMVdiffraction pattern
are best predicted by taking r to be about 90% of the outside
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for higher resolution maxima. Table 1 shows the positions of the
first maxima on 15 layer lines in the NMV pattern, the values of
n that would be predicted for the most likely values of u, and the
values of R that would be predicted given these values of n and a
value of 50 Å for r. It can easily be shown that other possible
values of u (for example, 6.8, 7.2, or 9.8) would predict values of
R that differ greatly from the observed values.
It is immediately obvious from Table 1 (or, indeed, by direct
inspection of Fig. 1b) thatΔumust be 0.8, and not 0.2. The first
maxima on layer lines 5q−1 (layer lines −1, +4, +9, etc.) are
progressively at lower R, or closer to the meridian; the opposite
trend is seen for the 5n+1 layer lines. This is precisely the
behavior predicted if Δu=0.8. The opposite trends would be
seen if Δu=0.2.
It also appears from Table 1 that the best value for ui is 7 (that
is, u=7.8). At low resolution, the value of R predicted for u=7.8
is much closer to the observed R than the value predicted for
u=8.8. Furthermore, the value of r used for these predictions,
50 Å, was chosen very conservatively, and is at the upper limit
(90% of the viral outer radius) of the values expected from TMV
studies. At higher resolution, a lower value of r is more ap-
propriate (in the limit of high resolution, the appropriate value of
r is the radius of the center of gravity of the viral subunit). Even
at 10 Å resolution, the appropriate value of r for TMV is only
70% of the outer radius. Lower values of r predict higher values
of R, so using lower values of r in Table 1 would increase the
agreement with experiment for R values predicted for u=7.8,
but would decrease the agreement for u=8.8.
The most convincing argument in favor of a value of 7.8 for
u, however, probably comes from direct inspection of Fig. 1b. If
we compare pairs of adjacent layer lines 5q and 5q−1, we see
that the value of R for the first maximum is significantly greater
on layer line 14 than on layer line 15, almost exactly the same on
layer lines 19 and 20, and significantly less on layer line 24 than
on layer line 25. This is what we would predict if ui =7; n wouldTable 1
Bessel orders n predicted for layer lines ll for symmetries 7.8, 8.2, 8.8, and 9.2
subunits per turn of the viral helix
ll n (7.8) n (8.8) n (8.2) n (9.2) Robs R (7.8) R (8.8) R (8.2) R (9.2)
1 8 9 8 9 0.028 0.031 0.034 0.031 0.034
4 7 8 9 10 0.026 0.027 0.031 0.034 0.038
5 1 1 1 1 0.005 0.006 0.006 0.006 0.006
6 9 10 7 8 0.038 0.034 0.038 0.027 0.031
9 6 7 10 11 0.024 0.024 0.027 0.038 0.041
10 2 2 2 2 0.011 0.010 0.010 0.010 0.010
11 10 11 6 7 0.037 0.038 0.041 0.024 0.027
14 5 6 11 12 0.024 0.020 0.024 0.041 0.044
15 3 3 3 3 0.012 0.013 0.013 0.013 0.013
16 11 12 5 6 0.039 0.041 0.044 0.020 0.024
19 4 5 12 13 0.019 0.017 0.020 0.044 0.047
20 4 4 4 4 0.019 0.017 0.017 0.017 0.017
21 12 13 4 5 0.046 0.044 0.047 0.017 0.020
24 3 4 13 14 0.018 0.013 0.017 0.047 0.051
25 5 5 5 5 0.030 0.020 0.020 0.020 0.020
Observed positions Robs of first diffraction maxima on the layer lines. Predicted
positions R(u) for the first maxima, assuming diffraction from radius 50 Å, for u
subunits per turn.be 4 for both layer lines 19 and 20. If ui =8, however, nwould be
5 on layer lines 19 and 25, and 4 on layer lines 20 and 24. In that
case, the maxima would be staggered in both pairs, and spaced
about equally but in opposite directions within each pair—
clearly not what is seen. We therefore conclude that NMV has
7.8 subunits per turn of the viral helix.
Conclusion
For symmetry determination, the most useful features of the
NMV diffraction pattern are the clear separation and definition
of layer lines 19 and 20, together with consistent positions of
intensity maxima on numerous other layer lines. We have
concluded that NMV has 7.8 subunits per turn of the viral helix,
and that potexviruses in general have approximately 8 subunits
per turn, with precise value ranging from 7.7 to 7.9 (Richardson
et al., 1981; Parker et al., 2002).
This symmetry is consistent with earlier observations, al-
though our conclusion is different. By the 1980s, the accepted
consensus number of subunits per turn for the potexviruses was
about 9. That number, however, was very difficult to determine,
and early workers frequently revised their estimates of the
symmetry parameters. The most authoritative early reports, for
example Richardson et al. (1981) and Parker et al. (2002), gave 9
as the preferred number, but specifically noted that 8 could not
be excluded.
A radial density distribution for NMVconfirms the viral outer
radius of about 55 Å, and suggests that a central hole of about
20 Å radius runs the length of the virion.
Materials and methods
Virus purification
NMV was grown in Chenopodium quinoa and purified by a
procedure based on those of Shepard (1972), Goodman (1975),
and Parker et al. (2002). Plants were harvested and the leaf tissue
frozen at −20 °C. All subsequent procedures were carried out at
4 °C. All aqueous solutions weremade 1% in a protease inhibitor
cocktail (Parker et al., 2002).
Frozen leaf tissue was homogenized in a blender with 4 ml
buffer per gram of tissue. The buffer was 70 mM sodium
potassium phosphate and 10 mM sodium ethylenediamine
tetraacetic acid (EDTA), pH 7.0, with 10 mM β-mercaptoetha-
nol. The extract was strained through a triple layer of cheese-
cloth, mixed with an equal volume of cold chloroform and
shaken for 1 min. The resulting emulsion was centrifuged at
1700×g for 20 min, and the aqueous phase was then centrifuged
at 87,000×g for 90 min.
Pellets were resuspended in 70 mM sodium potassium
phosphate, 10 mM sodium EDTA, pH 7.0, using 0.2 ml of
solution per gram of plant tissue. The resuspended solution was
clarified by centrifugation at 9000× g for 10 min. The
supernatant was retained, and the pellet resuspension and
clarification were repeated. The supernatants from both
clarifications were combined and centrifuged at 87,000×g for
90 min.
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repeated, and the resulting pellet was resuspended in 70 mM
sodium potassium phosphate, 10 mM sodium EDTA, pH 7.0.
The solution was centrifuged through a cushion of 30% sucrose
in 50 mM borate buffer, pH 8.2, at 63,000×g for 3 h. A 5 ml
sucrose cushion was used for each 18 ml aliquot of resuspension
solution. The resulting pellets were resuspended in 10 mMTris–
HCl, 5 mM EDTA, pH 8. Approximate virus concentrations
were determined by absorption at 260 nm corrected for light
scattering, assuming an extinction coefficient of 3.0 mg−1cm2.
Fiber diffraction
Oriented sols in 0.3 mm capillaries were prepared by the
method of Yamashita et al. (1998), and fiber diffraction data
were collected at the BioCAT beam line of the Advanced Photon
Source synchrotron, Argonne National Laboratory, as described
by Parker et al. (2002). Specimen to detector distances were
determined by measuring diffraction patterns from TMV.
Analysis
Diffraction patterns were initially analyzed using the program
WCEN (Bian et al., in press) to determine experimental
parameters and helical repeat, to apply corrections to the
intensities, and to transform the data from detector to reciprocal
space. Equatorial intensities were determined by the method of
angular deconvolution (Makowski, 1978; Namba and Stubbs,
1985).
The lowest resolution equatorial data are not available, be-
cause at very low resolution, the X-ray beam stop obscures the
pattern (Fig. 1). This problem can be partially overcome by using
a different experimental arrangement and collecting low-angle
diffraction data, but we were not able to make a NMV sample
with sufficiently stable orientation to allow this experiment. At
extremely low resolution, however, we may reasonably assume
that there is no discernable difference between the diffraction
patterns of NMV and PVX. We therefore included data from a
low-angle PVX diffraction pattern between resolutions 130 Å
and 60 Å, scaled to the NMV data using a linear scale factor. At
the very lowest resolution (1000 Å to 130 Å resolution) data
calculated from the Fourier–Bessel transform of a solid cylinder
were included, also using a linear scale factor. The radius of the
cylinder was set to ensure that the first node in the calculated data
corresponded to the first node in the observed data (Franklin and
Holmes, 1958). Inclusion of the PVX and calculated data does
not affect the detail in the radial density distributions, but it does
remove low-frequency errors that would make the distributions
difficult to interpret. The final radial density distributions were
not sensitive to small changes in the scale factors.
Radial density distributions were calculated by applying a
Fourier–Bessel transform to the equatorial data (Chandrase-
karan and Stubbs, 2001). This calculation requires that signs
(phases) be applied to the diffraction data; these signs are not
directly obtainable from the data. Signs were determined by the
minimum wavelength principle (Bragg and Perutz, 1952),
assuming the radius determined by electron microscopy (Tollinet al., 1967, confirmed by us). The radius is not critical; in most
cases, including NMV, large errors in the radius will have no
effect on the sign determination. The minimum wavelength
principle was used by Caspar (1956) in TMV studies, and the
signs determined for TMV were subsequently shown by
isomorphous replacement to be correct (Franklin and Holmes,
1958; Namba et al., 1989). Essentially, the principle states that,
for a structure of a given linear dimension (in fiber diffraction,
the particle radius), the Fourier transform (or the Fourier–Bessel
transform in fiber diffraction) cannot oscillate at higher than a
calculated frequency. In consequence, diffracted amplitude
maxima that are sufficiently close together must have alternat-
ing signs.
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